INTRODUCTION {#sec1-1}
============

The use of micro-computed tomography (micro-CT) in dental research has widely increased in the past few years.\[[@ref1][@ref2][@ref3]\] This imaging modality allows the examination of dental hard tissues \[[@ref4]\] *in vitro* without destruction of samples, and after acquisition, the images can be stored and re-evaluated at different times.\[[@ref4][@ref5]\] In contrast, histological examination causes total destruction of the analyzed tooth, apart from being a method that demands time.\[[@ref4][@ref6][@ref7]\] Although micro-CT cannot be used clinically, it provides laboratory findings that support clinical studies, especially those related to endodontics and caries diagnosis.\[[@ref8]\]

Micro-CT shares some principles with cone-beam CT (CBCT). However, it provides images with considerably higher resolution than CBCT, being therefore more accurate for visualizing small structures.\[[@ref9]\] Micro-CT implies in spatial resolution with voxel size usually smaller than 10 μm \[[@ref10]\] while CBCT resolution ranges from 76 μm to 400 μm.\[[@ref9][@ref11][@ref12][@ref13]\]

Image acquisition with high resolution leads to long scanning times and large file sizes, which represent much time dedicated to the development of research and large memory space for storage in computers and other devices. However, micro-CT units allow the operator to vary the settings in the scanning that may directly interfere in the performance and consequently in the result of the acquisition.\[[@ref14]\]

One of the adjustments available in both CBCT and micro-CT devices is the scan mode selection, which can be set as 180° (half scan) or 360° (full scan).\[[@ref15][@ref16][@ref17]\] In case, this does not affect the diagnostic performance, the scan mode of 180° should be preferred due to reduced acquisition time, and lesser storage space required. The use of 180° protocol for CBCT scans has been encouraged in literature; however, for micro-CT, the impact of this modification is still unclear.

Given the importance of micro-CT as a nondestructive method and considering the possibility of validating it as a gold standard for caries diagnosis, the aim of this study was to investigate the feasibility of micro-CT to detect and classify proximal caries lesions in posterior teeth, using different protocols.

MATERIALS AND METHODS {#sec1-2}
=====================

This *in vitro* study, study was conducted after approval in local Ethical Research Committee (protocol no. 145/2012).

Specimens {#sec2-1}
---------

After proper disinfection using glutaraldehyde 2% for 2 h, 140 extracted human teeth were handled. Molars and premolars were selected and the exclusion criteria were anomalous teeth and partial or total coronal destruction (*n* = 18). Teeth with sound surfaces or clinically visible proximal caries lesion surfaces (i.e., demineralization) were kept hydrated in distilled water and used in this study. Both proximal surfaces were included in the final sample (*n* = 244).

Micro-computed tomography examination {#sec2-2}
-------------------------------------

Crowns were scanned using a Skyscan 1174 device (Bruker, Kontich, Belgium) with the following settings: 50 kV, 800 μA, 28.15 pixel size, filter 1.0 mm aluminum, rotation step 0.4°, and 4 frames. The full-scan mode 360° was performed for each tooth and resulted in 1 h 50 min scanning time.

Reconstruction of 900 basis images was performed using NRecon Software (Bruker, Kontich, Belgium) generating 352 sections for the full mode, and 450 basis images were used to reconstruct the half-scan mode 180°, resulting in 352 sections. The parameters of reconstruction were smoothing "1," ring artifacts reduction between "5" and "10," beam hardening correction "0," and automatic misalignment correction.

Three experienced oral radiologists analyzed the reconstructed images using Data Viewer Software (Bruker, Kontich, Belgium). Observers were previously trained and instructed to score the presence or absence of caries lesions: (0) absence and (1) presence. Lesions were considered present when there was a density difference in the proximal surface both in sagittal and axial sections. In case of a score 1, depth was also registered: (1) lesion involving only the external half of the enamel, (2) lesion involving the internal half of the enamel, and (3) lesion involving dentine. The teeth were randomized before the evaluation.

Histological examination {#sec2-3}
------------------------

To determine the presence of a caries lesion, the teeth were individually embedded in acrylic (VIPI Cril, VIPI, São Paulo, Brazil) and serially sectioned into 1000 μm thick sections in the mesiodistal direction, using a 300 μm diamond band. The tooth sections were cleaned of dust and glued to microscope slides using transparent varnish. Two experienced precalibrated observers (different from those who examined the radiographic images) examined the tooth sections using a light microscope Leica DMLP (Leica Microsystems Inc., Wetzlar, Germany). The same classification system was used for registration of presence/absence and depth of the lesions.

Statistical analysis {#sec2-4}
--------------------

Software SPSS Statistics for Windows, Version 22.0 (IBM Corp., Armonk, NY, USA), was used for analysis. Intra- and inter-observer reproducibility for presence/absence and depth was evaluated by kappa and weighted kappa tests, respectively, with the following interpretation for the values: 0--0.39 poor agreement, 0.40--0.59 moderate agreement, 0.60--0.74 good agreement, and 0.75--1.00 excellent agreement.

Contingency cross-tables including the scores recorded from all examiners with both imaging modalities (micro-CT 180° and 360°) and the gold standard (histological examination) were created. McNemar and McNemar-Bowker tests compared the methods studied and the gold standard for presence/absence and lesion depth, respectively; the significance level was set at 5%. The null hypothesis considered that there was no differences between the two imaging modalities tested and between each and the gold standard.

The diagnostic accuracy (sensitivity, specificity, and positive and negative predictive values) of the two micro-CT protocols regarding the presence of caries lesions was also calculated.

RESULTS {#sec1-3}
=======

Based on the histological analysis (reference standard), 127 (52.04%) proximal surfaces were sound, 26 (10.65%) had a carious lesion in the outer half of the enamel, 43 (17.62%) had a carious lesions in the inner half of the enamel, and 48 (19.67%) had a carious lesion in dentine, which is shown in Figures [1](#F1){ref-type="fig"}--[3](#F3){ref-type="fig"}, respectively.

![Outer half of enamel. (a) Histological image. (b) Half-scan mode 180°. (c) Full-scan mode 360°.](DRJ-15-123-g001){#F1}

![Inner half of enamel. (a) Histological image. (b) Half-scan mode 180°. (c) Full-scan mode 360°.](DRJ-15-123-g002){#F2}

![Dentin. (a) Histological image. (b) Half-scan mode 180°. (c) Full-scan mode 360°.](DRJ-15-123-g003){#F3}

The scores obtained with the two micro-CT modalities were compared to the reference standard in Tables [1](#T1){ref-type="table"} and [2](#T2){ref-type="table"}, in terms of presence and depth, respectively. There was no difference between both protocols, and the reference standard for detecting the lesions was *P* \> 0.05 \[[Table 1](#T1){ref-type="table"}\]. McNemar-Bowker test indicated that both micro-CT modalities disagreed with the reference standard regarding lesion depth (*P*\< 0.05) \[[Table 2](#T2){ref-type="table"}\]. Overall, more lesions were detected through micro-CT protocols compared to histology. However, both protocols agreed with the reference standard when there was no lesion or when the lesion was in dentin. Considering those two conditions, 180° scan mode showed a higher percentage of agreement with histology. The disagreement occurred mostly in cases of lesions restrict to enamel; when the lesion was initial (in the outer half), it was classified as absent in almost half of cases, but when the lesion was in inner half, it was observed as in dentine in the micro-CT images in almost half of cases.

###### 

Contingency table confronting the responses of the three observers obtained with the methods 180° and 360° micro-computed tomography to histological reference regarding presence of caries lesions

![](DRJ-15-123-g004)

###### 

Contingency table confronting the responses of the three observers obtained with the methods 180° and 360° micro-computed tomography to histological reference regarding localization of caries lesions

![](DRJ-15-123-g005)

Sensitivity, specificity, accuracy, and positive and negative predictive values are shown in [Table 3](#T3){ref-type="table"}. The highest diagnostic accuracy values were found for 180° micro-CT rotation, despite the difference between the protocols was not significant.

###### 

Diagnostic values for the 180° and 360° in determining presence of caries lesions

![](DRJ-15-123-g006)

Kappa coefficients for intra-observer agreement of the presence/absence of lesion detection ranged from moderate to excellent for both protocols: 180° (0.55--0.97) and 360° (0.50--0.83). Inter-observer agreement ranged from moderate to good for both rotations (0.59--0.70 and 0.49--0.70, respectively). Regarding lesion depth, intra-observer agreement ranged from good to excellent for 180° rotation (0.60--0.98) and from moderate to excellent for 360° (0.45--0.85). Inter-observer agreement was good for 180° rotation (0.61--0.71) and from moderate to good for 360° rotation (0.46--0.68).

DISCUSSION {#sec1-4}
==========

New imaging methods are often created, and before being considered a gold standard, they must be tested. To the best of the authors\' knowledge, this is the largest study in terms of sample that aimed to validate micro-CT method for detection of proximal caries lesions and the first one that tested different acquiring protocols. Aiming this purpose, the overall results from both scanning protocols did not differ from histology (reference standard) regarding the detection of caries lesions. However, when evaluating lesions with different depths separately, caries strict to the outer half of enamel showed disagreement with histology. Difference was also found between histology and micro-CT concerning the classification of lesion depth.

The present study evaluated caries lesions in proximal surfaces of posterior teeth, which are clinically challenging in terms of diagnosis. Kamburoǧlu *et al*.,\[[@ref18]\] in 2011, found more reproducible results measuring occlusal caries lesions with micro-CT than with intraoral charge-coupled device (CCD) and CBCT systems. However, this study focused only on the repeatability of the measurements. Either way, studies comparing the detection and measurement of caries lesions in different faces of human teeth should be considered.

In a previous study,\[[@ref19]\] the authors tested the effect of scan protocol on the detection of root fractures in endodontically treated teeth using CBCT and found differences between 180° and 360° scans only for specificity results. They explained that full-scan mode led to a significant decrease in false-positive rate. This particular finding of specificity agrees with our results; however, our overall diagnostic test results were better for 180° rotation that included accuracy, sensitivity, and predictive values.

Images must be relatively dense, with an optimum contrast to provide a base for the detection of proximal carious lesions. Detection of caries lesions may occur when the density difference between the hard tissues of the tooth and the demineralization area becomes high enough to be detected by radiographic methods, as a result of interactions between X-rays and mineral in tooth structure. In the proximal enamel lesions, the limit between pathological and healthy tissue may present low radiographic contrast hindering their perception.\[[@ref20]\] Those findings are in consonance with the present study, which found difficulty in establishing the depth of these lesions, mostly those affecting enamel tissue.\[[@ref4][@ref18][@ref21]\]

Micro-CT images contain noise and artifacts not related to the real scanned object, which occurs due to low signal-to-noise ratio (SNR). This is explained by the nature of enamel/phantom and/or noise from the micro-CT system, such as enamel density and structure, scanning technique and X-rays efficiency, scattered radiation, and image generation process.\[[@ref5]\] At the present study, high resolution was needed to detect proximal caries lesion properly. However, when high resolution increases, high ionizing radiation dose is required to keep the SNR high for adequate image quality. Although improvements at the SNR can introduce scanning artifacts such as beam hardening and ring patterns resulting from the tested sample.\[[@ref22]\] Image-processing techniques were used to reduce noise and artifacts.

Ring artifact reduction tool was determined in a try-and-error method. This postprocessing tool is efficient for most scans with small variation in pixel intensity during the acquisition. Nevertheless, it may result in contrast reduction and blurred final images.\[[@ref23]\] In the present study, some ring artifacts could not be removed. We decided not to use the ring artifact correction because when evaluating images from a pilot study, we realized that this tool homogenized pixels with different densities and also tended to attenuate and blur regions of decalcification, which would be a bias to this study.

To compare our study with recent investigations on how feasible micro-CT can be to detect caries lesions, we compared the results to histological examination of tooth sections, usually considered the gold standard for caries evaluation. The results were in consonance with those found by Soviero *et al*.\[[@ref24]\] in 2012. In their study, they concluded that micro-CT can be used as the gold standard for detection of proximal caries. Other relevant issue addressed in the same study was the lack of correlation between the depths of the lesion when comparing these modalities. The same could be observed in our findings, showing difference between micro-CT and histology for lesion depth. We also believe that the sectioning during the histological procedures may abrade carious regions or comprehend different regions than those with lesions. It is an important finding since the depth of lesions is clinically related to the decision making of treatment.\[[@ref4]\]

In our study, 180° scan presented slightly higher diagnostic values compared with 360°. Even representing only a tendency, it can be explained by the fact that a full scan implies a greater amount of radiation and consequently higher production of scattered radiation, which can interfere in the final image. Besides, values of inter- and intra-observer agreement were considered higher for 180° than 360°.

Since micro-CT uses *in vitro* samples, radiation dose is not an important factor, as in CBCT acquisition. In despite, micro-CT device works with a quite long scanning time, which may gradually shorten the life of the machine in constant use and require longer time devoted for the acquisitions. As the results showed no difference between the 180° and 360° protocols, the half-scan rotation should be used instead of full scan. Considering the difference between micro-CT and histology depth findings, other studies should be performed testing other parameters of scanning/reconstruction/processing, with the objective of establishing the best protocol.

Histology, despite being widely used as the gold standard in many diagnostic studies of carious lesions, also has its weaknesses and susceptibility to error. These weaknesses are inherent in the method, which analyzes three-dimensional alterations using a two-dimensional method. Therefore, some characteristics can be lost during the sample preparation, which can be particularly critical for the analysis of caries depth. Because of the limitations found in both methods, it is not possible to state that the depth differences shown in the results are due to micro-CT overestimating lesion depth or histology underestimating lesion depth. It would be necessary to provide a third and new test to compare and verify if the results would change using histology or micro-CT as the gold standard.

CONCLUSION {#sec1-5}
==========

Micro-CT using both protocols (180° and 360°) presented high accuracy in detecting proximal caries lesions. However, detection of outer enamel caries was not as feasible as in the other regions. Both micro-CT scan protocols failed in classifying lesion depth, especially those located exclusively in enamel. The 180° scan mode should be preferred over 360° due to its advantages, such as shorter time and storage space savings and eventually increasing the lifetime of the micro-CT machine.
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